Large tensile stresses usually exist in metallic interconnect lines on silicon substrates as a result of thermal mismatch. When a current is subsequently passed any divergence of atomic flux can create superimposed stress variations along the line. Together, these stresses can significantly influence the growth of voids and therefore affect interconnect reliability. In this work, a high-resolution (-2 pm) optical spectroscopy method has been used to measure the localized stresses around passivated aluminum lines on a silicon wafer, both as-fabricated and after electromigration testing. The method is based on the piezospectroscopic properties of silicon, specifically the frequency shift of the Raman line at 520 R cm-'. By focusing a laser beam at points adjacent to the aluminum lines, the Raman signal was excited and collected. The stresses in the aluminum lines can then be derived from the stresses in the silicon using finite element methods. Large variations of stress along an electromigration-tested line were observed and compared to a theoretical model based on differences in effective diiusivities from grain to grain in a polycrystalline interconnect line. 0 1995 American Znstitute of Physics.
I. INTRODUCTION
One of the difficulties in developing predictive models for the lifetime reliability of interconnect lines in integrated circuits and packaging is that the residual stresses in the lines, due to such factors as thermal mismatch and intrinsic growth stresses, are largely unknown. These stresses provide one of the driving forces for electromigration induced void formation and growth. Furthermore, the rates of these processes are coupled and are not expected to be linear in stress. In principle, the stress can be computed by finite element methods using standard continuum models for elasticity and plasticity. In practice, however, such an approach is limited by a lack of knowledge of the appropriate constitutive relationships. For instance, while the yield stress and work hardening coefficients of bulk aluminum are known, they are not known with any certainty in the thin-film forms typically used in interconnect metallurgy, especially where there is growing evidence of thickness dependent material properties.'*2 Similarly, the extent of diffusional relaxation of the stresses on cooling after processing, as well as during any thermal cycling, is not known. Further complications arise because the lines, although polycrystalline along their length, generally are only one, or a few, grains in cross section. This introduces elastic and plastic deformation anisotropy effects that are not normally included in standard finite element codes. Also problematic is the form of the coupling between the residual stress in the line and electromigration induced cavitation. There is thus a need to be able to measure interconnect stresses and to do so with high spatial resolution as a means of validating finite element calculations and constitutive relationships. Unfortunately, obtaining information about the local stresses in interconnects is difficult and few techniques are available. For example, by extending the wafer curvature technique,334 originalIy designed for measuring stresses in uniform films, the average normal stress component in an interconnect line direction can be determined.5 More sophisticated x-ray-diffraction techniques can also provide measurements for all three stress components in the lines6*7 but the techniques are not yet well developed and highly specialized equipment is required. Also, a drawback of both techniques is that they measure the average stresses in a large number of nominally identical lines spaced periodically, and hence cannot provide information about stress variations from line to line, nor the stresses along an individual line, as might occur due to stress voiding and electromigration.
To measure the Iocalized stresses along the interconnect lines, and provide a basis for subsequent correlation with observed voiding behavior, an alternative method is required. One such approach is described in this work, namely, the determination of the stresses in the interconnect from the stresses induced in the underlying silicon substrate. These latter stresses, which might collectively be termed the "fringing stress field," are the result of the distortions pro- duced in the immediate vicinity of the interconnect by the constraint imposed by the substrate and dielectric. They are measurable with relatively high spatial resolution (-2 pm) tim the piezo-spectroscopic shiftgp9 in the Raman spectrum excited in the silicon. The stress in the interconnect is then obtained by a self-consistent matching of the measured frequency shift, as a function of distance from an interconnect line, with finite element computations of the stress distribution for the interconnect geometry. The experimental method, described in detail in Sec. IV, consists of measuring the shift in the Raman spectrum obtained in the backscattering geometry using a fine optical probe scanned across the interconnect line, shown schematically 'in Fig. 1 . In our experiments, the wavelength of the laser used to excite the Raman signal was beyond the absorption edge of silicon, thereby precluding making measurements of the silicon directly underneath the interconnects and necessitating measurements in the geometry shown.
In this contribution we describe the basis of the piezospectroscopic measurement technique and apply it to determining the residual stress in two as-fabricated interconnects. For illustration, we also present data from an interconnect line after being tested to failure in a standard electromigration test. Prior to presenting the observations, the principal piezo-spectroscopic properties of the silicon Raman spectrum are summarized in Sec. II. Then, in Sec. III, finite element calculations of the stress fields are described together with the calculated stress-induced Raman shifts. The stresses in the interconnects and their differences are the basis for the discussion in Sec. V.
II. PIEZO-SPECTROSCOPIC STRESS MEASUREMENT IN SILICON
The effect of stress on the Raman spectrum of silicon has been described in detail previously '- S3'K 2fB2. (9) where N is the normalization parameter
Thus the observed shifts in tbe.kaman spectrum can be related to the elastic strains.
Ill. FINITE ELEMENT CALCULATIONS
Since the methodology described in this paper for determining the stress in an interconnect line is in essence inferential, detailed calculations of the stress field and the resulting stress-induced shift in the Raman spectrum are necessary. In this section three successive sets of calculation are described. The first is the computation of the stress field in the interconnect and surrounding materials. The second is calculation of the shift in the Raman line as a function of distance from the interconnect line, and the third is the convolution of the stress-induced shift with a finite-sized optical probe.
A series of finite element computations were performed in order to calculate the stress distribution in the underlying silicon substrate produced by the aluminum lines as they cooled from the fabrication temperature. Three different constitutive relations for the deformation behavior of the aluminum lines were assumed. One corresponds to an elasticperfectly plastic material having a temperature-dependent yield stress. '213 The other two correspond to limiting cases, one in which the metal behaves entirely elastically (an infinite yield stress) and the other in which the metal responds hydrostatically (zero yield stress). The latter is of importance since, over time, diffusional relaxation will alter the stress state in an interconnect until it becomes hydrostatic.
The computations were performed for two different linewidths, having the geometry shown in Fig. 2(a) , using the ABAQUS code. In the calculations, the normal displacements across all the interfaces were assumed to be continuous so as to represent fully bonded interfaces. The mechanical and the thermal-expansion properties of the silicon substrate and the silica dielectric were those listed in Table I . The effective temperature drop was assumed to be 400 "C, the difference between the processing temperature used in the fabrication of the electromigration lines examined in this work and room temperature.
In the calculations, the stress-free thermal strain of the silicon substrate was taken to be the reference state. That is, the thermal-expansion coefficient of silicon was assumed to be zero, and the thermal-expansion coefficients of the silica and aluminum were correspondingly taken to be a(SiOJ-a(Si) and a(Al)-cr(Si), respectively. As a consequence, the calculations were plane strain.
The finite element calculations for the cases in which the aluminum line deformed purely elastically or with an elasticperfectly plastic response were straightforward. Less straightforward were the calculations for the line deforming in a purely hydrostatic manner. The procedure adopted used the following thought experiment: For the hydrostatic case, the result of all the deformation processes occurring in @he line during cooling is to create a hydrostatic stress, denoted as 4. Although the general strain history can be complex, the final volume strain is simply the elastic strain plus the thermal-expansion strain, i.e., 
where B = 3 ( 1 -2 v)lE and the materials parameters are for aluminum. To determine 4 we imagine that the Al line is replaced by a hollow line which is subject to a tensile traction 4 over its surface [Fig. 2(b) ]. In the plane strain problem, the volume strain is the same as the area strain. Let S be the area of the hole and u, be the normal displacement of the surface. Because both the silica dielectric and the silicon substrate are elastic, the area change of the hollow line must belinearinq andAT:
where the integral is over the perimeter 1 of the hole. Provided the Al line is well bonded the area change produced by the hydrostatic pressure 4 must be the same for both the Al line and the hole. Thus, by combining Eqs. (11) and (12), the hydrostatic stress is
To calculate the hydrostatic stress, the coefficients C and D are first determined, independently, from the finite element computations for u, under two separate loading conditions: (i) q=l and AT=0 and (ii) q=O and AT=l. A comparison of the mean stress in the center point of an interconnect as a function of the temperature drop from the processing temperature for the alternative constitutive behaviors is shown in Fig. 3 . In Fig. 3 (a) the materials properties are all temperature independent except in the elastic-perfectly plastic case, where the yield stress is temperature dependent. When the full temperature-dependent properties are used, Fig. 3(b) , the elastic and elastic-perfectly plastic ptresses are greater and are markedly nonlinear with decreasing temperature. Although the full stress field in the line, dielectric, and the silicon substrate was computed, only the stresses in the center of the line and along the x axis in the silicon substrate are presented here. Since the absorption length in the silicon of the Raman frequency used in the experiments is small (-200 mn), only the stresses calculated in the top row of integration points in the mesh closest to the silicon/silica interface are presented. For purposes of comparison, the stresses in the center of lines and immediately below the line in the silicon are presented in Table II for lines deforming elastically, elastic-perfectly plastically, and hydrostatically. In Fig. 4 the three stress components, crXX, mX,, and mYr, are plotted as a Iunction of distance along the x axis in the silicon for the case in which a 0.8 pm interconnect has deformed in an elastic-perfectly plastic manner.
A feature of the finite element computations is that the hydrostatic stress can be used as a scaling parameter in data fitting. This is rigorously correct for the two limiting cases: the metal behaving elastically and hydrostatically. For cases in between, plasticity theory dictates that after the metal fully yields during cooling, the magnitude of the difference between the largest and smallest stress components in the line is fixed by the metal yield strength,'37'4 rather than being proportional to cH. In practice, the real yield stress of the metal alloy is, unfortunately, rareIy known, and hence the calculated individual stress components have larger errors than the hydrostatic stress, which depends more weakly on the yield stress. Additional FEM calculations have shown that by changing the value for the yield stress, the variations of the stresses in the substrate on the side of the lines normalized by the hydrostatic stress are found to be insignificant, at least for the two, relatively equiaxed cross-sectional geometries of the interconnects investigated. This suggests that the stress distribution in the substrate will, in the majority of cases, be proportional to the magnitude of the hydrostatic stress. Following the calculation of the stresses in the silicon, the stress-induced Raman shifts as a function of position along the x axis were computed. As mentioned in Sec. II, both vibrational modes 2 and 3 contribute to the backscattering Raman signals when silicon is strained. The frequency shifts for the two modes can be calculated from the secular equation and Eq. (5), using the calculated stresses in Fig. 4 , the appropriate coordinates transformation matrix, and the compliance tensor of silicon. The total frequency shift is the average of the two modes weighted by their relative intensities [Eq. (9)]. The stress-induced frequency shifts for the 0.8 pm line are shown in Fig. 5(a) , again for an elastic, elasticperfectly plastic, and hydrostatic deformation of the line.
In practice, in the experiments described below, the stress distribution in the silicon is probed with a focused optical beam. Since the probe sizes used in the Raman experiments are comparable to both the width of the interconnect line and the range of the fringing stress field, the measured frequency shifts as a function of distance can be expected to be a convolution of the actual variation with distance and the finite size of the probe:
For the purposes of this work, the intensity profile of the laser probe at its focal plane was assumed to be approximately Gaussian:
where w is the beam width defined in the usual manner at l/e2 of its maximum. For illustration, the convoluted stressinduced Raman shift calculated from the finite element computations for the 0.8 pm line using a Gaussian probe of 1.5 pm is shown in Fig. 5(b) .
IV. EXPERIMENTAL METHOD

A. Samples
The interconnect lines investigated were on [OOI] silicon substrates. They were provided to us from IBM Research and drawn from one of their electromigration test runs. The lines were fabricated by dry etching of 1 pm thickness sputtered films of Al-0.5% Cu deposited (100) wafers. Different width lines ranging from 0.6 to 3 w were patterned so as to lie along the [llO] crystallographic direction of the silicon substrate. A silica passivation layer of -1 pm thickness was subsequently deposited over the entire substrate by CVD at -400 "C. Electromigration lifetime tests were conducted on some of the lines until failure, defined as a 20% increase in resistance. All the data obtained during the course of this work was obtained from as-fabricated and electromigrationtested lines on the same chip.
B. Measurement of Raman frequency shift
The stress in the silicon substrate in the vicinity of interconnects was determined from measurements of the piezospectroscopic shifts in the Raman spectra obtained by focusing the laser beam of an optical microprobe onto the region of interest. The measurement configuration is shown schematically in Fig. 1 . The procedure adopted was first to iden-a**.,*.. tify an interconnect of interest using the optical microscope attached to the microprobe and then obtain a sequence of Raman spectra at successive points on either side of the interconnect line. In each case, the laser was focused at the SiOJSi interface and the excited Raman signal collected by the objective lens and guided into the monochromator for frequency analysis. The dispersed spectrum centered around 520 R cm-' was measured using a CCD multichannel detector. The laser used, an argon-ion laser operating at 514 nm, was aligned with its plane of polarization along the [l lo] direction of the silicon substrate. To avoid local heating from the laser its output intensity was controlled below 20 mW. This value was chosen after a series of experiments were performed at different power levels and the shift in Raman spectrum measured (Fig. 6 ). To achieve the highest possible spatial resolution and to minimize the optical distortional effects caused by the SiO? passivation layer, a 100/1.3 oil immersion microscope lens with an index-matching liquid was used. All the measurements were conducted at room temperature. When optimally focused, the laser spot size at the SiO,/Si interface was about 1 pm in diameter. This size was obtained from measurements of the Raman intensity as the probe was placed at successive positions across the edge of a silicon substrate partially masked with a gold film. By operating the probe laser at 514 11111, the absorption depth in the silicon was estimated to be -200 nm so the majority of the Raman intensity came from within this depth of the SiO,/Si interface.
V. STRESS MEASUREMENTS A. Residual stress
The residual stress field perpendicular to the asfabricated interconnect lines was probed first. duced by the line decay rapidly with distance from the line. In Fig. 8 the measured frequency shift is compared with that computed for an elastic-perfectly plastic material (solid line) and after convolution with a 1.5 pm Gaussian probe (dashed line). Although the fit between data and calculations is fairly close, scaling the stress in the interconnect up or down within 15% gave comparable fitting qualities. Therefore, it is concluded that the stress in the metal line is within about 15% of the calculated hydrostatic stress of -210 MPa. A similar comparison between the measured frequency shift and the computed frequency profiles are shown in Fig. 9 for one of the 0.8 pm wide interconnects. In this case, after convolution the calcuIated frequency shift profile for the elastic-plastically deforming interconnect did not adequately fit the measured profile and predicted too large a frequency 6 shift. However, the fit was satisfactory when compared to a purely hydrostatic stress having a value of -570 MPa, which compares reasonably favorably with the computed hydrostatic stress of 530 MPa (Table II) .
B. Electromigration induced stresses
Stress variations along an interconnect can be expected when passing an electrical current through the line if the electromigration atomic flux is not uniform along the line. To investigate such effects, the stresses along two 0.8 ,um wide lines were measured: one as fabricated, the other after electromigration testing until failure (corresponding to a 20% resistance increase). In making the measurements, the same procedure of measuring the frequency shift perpendicular to the line as described above was used and then measurements were repeated at different points along the interconnect line. By fitting the frequency profiles, the effective hydrostatic stress in the interconnect at the different points was calculated, assuming that the frequency profiIe is only sensitive to the hydrostatic stress and not particularly sensitive to the deviatoric components. As shown in Fig. 10 , for the as-fabricated line, the stresses are, within the experimental error, uniform along the line. The hydrostatic stress in the line is -570 MPa as determined in the last subsection. If small voids do exist, the stress uniformity along the line suggests that the void distribution is fairly uniform and a small void can only influence the stress state of a very small region around it, and therefore cannot change the stress state in the substrate significantly as expected from St. Venant's principle.
The data for the electromigration tested line is significantly different. As shown in Fig. 11 there are significant stress variations occurring along the length of the line. The variations are much larger than those seen in the asfabricated adjacent line, indicating that the variations are-real and are due to some form of electromigration damage. A second feature of the data is that the overall average stress is also decreased. Third, the stress at each end of the line is approximately the same. Since the hydrostatic stress is expected td be sensitive only to void formation and delamination, the observed decrease in average hydrostatic stress suggests that the electromigration damage is in the form of voiding. (An alternative explanation is presented in the following section.)
VI. DISCUSSION
The comparison of the measured piezo-spectroscopic shift of the Raman spectrum and that computed using alternative constitutive relationships for the deformation behavior 
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of a passivated Al-Cu interconnect suggests that the Raman shift in the adjacent silicon is principally dependent on the hydrostatic stress in the interconnect. While this dependence is not expected to be valid for all metallizations and interconnect cross-sectional geometries, it is of practical utilization for the commonly occurring interconnects, which are usually fabricated out of Al-Cu. The significance of this finding is that it is the hydrostatic stress that provides the drive force for voiding and is also the principal stress component that is altered by electromigration induced material transport. Furthermore, any diffusional and plastic relaxation within an interconnect tends to decrease the deviatoric stresses but leave the hydrostatic stress unaffected." This is expected to be especially so for the micrometer and submicrometer lines presently used in interconnects, since even at room temperature they operate at -0.3 T, . When typical Joule heating effects are included, the actual operating temperature of interconnects is closer to -0.5T,.
Hence, local measurements of the hydrostatic stress along an interconnect provide a direct indication of changes due to cavitation, or interfaciai debonding from the dielectric, or as described below, due to electromigration induced diffusion resulting from diffusional nonuniformities within a polycrystalline interconnect. Complementary experiments, such as void detection by high-voltage SEMI6 or by second-or third-harmonic elect+ cal measurements,17 are then required to ascertain the microstructural reason for an observed change in hydrostatic stress.
As mentioned above, stress variations, such as those seen in the electromigration-damaged line studied here and presented in Fig. 11 , can be due to a number of effects ineluding the existence of relatively large voids. However, it can also occur as a direct result of electromigration in a polycrystalline material irrespective of whether voids are also formed. Figure 7 illustrates a line with an electric current flowing along its length. The line is considered to be divided into a number of segments, each of which has a certain diffusivity. This could be because the film texture along the line changes; e.g., some segments have (111) texture, others are randomly oriented. For the sake of simplicity, assuming interface diffusion dominates, the atomic flux along the interface of segment i is given by's
SiDi
SiDi 30-i --J=-zZ*eE+ kT dx.
Here the flux J is the flux of atoms that cross a unit length of the interface per second, SiDi is the interface diffusion parameter, ai is the normal stress component at the interface, and other parameters have the usual meanings. At the beginning of the electromigration process, the stress gradient along the line is small, so the tlux is controlled by the electrical current. If segment i has a larger diffusivity than the neighboring ones, then material will be accumulated at point A and depleted at point B. A positive stress gradient is then established in segment i. According to Eq. (16), a positive stress gradient will reduce the atomic flux. By the same token, in segments of low diffusivities, the established stress gradient will increase the atomic flux. Therefore, after a transient period, a steady state is established: the atomic flux is constant along the line and the stress state does not change with time. If we assume that (1) the passivation is rigid, (2) the effect of small voids on the stresses can be ignored, and (3) the stress in the line is approximately hydrostatic, then the condition of equal stress at each end of the line imposes Combining Eqs. (16) and (17), we have a constant flux along the line given by where (SiDi)eff is the effective average diffusivity along the line detined as
From equation x and y, the stress gradient in segment i can be obtained as 2-y ( l @i$$). 00)
Using typical values for the parameter: Z*=lO, e=1.6XlO-r9 Although this is only a rather simple estimate, it is nevertheless of the same order of magnitude as that observed experimentally (Fig. 11) .
Finally, it is recognized that more accurate stress measurements could be made directly underneath the interconnect where the stresses are both more uniform and more sensitive to the actual stress level in the interconnect. This is seen in the finite element computations of the stress field, for instance, those reproduced for the 0.8 m line in Fig. 4 . To be able to make such measurements requires the use of Raman spectroscopy at wavelengths at which silicon is transparent. Alternatively, they may be made using a transparent substrate using other microstress measurement techniques. This has recently been achieved by using a transparent substrate incorporating an epitaxial ruby thin-film strain sensor" and probing underneath the lines through the substrate.2o VII. SUMMARY Although the stress in an individual interconnect cannot presently be measured with a spatial resolution approaching 1 ,um, such spatial resolution is attainable using microRaman techniques. We show how this capability can be exploited to probe the stresses, in the underlying silicon substrate, which are generated by the stress in the interconnect and are proportional to them. Finite element computations of the stresses and the stress-induced (piezo-spectroscopic) shift of the Raman lines indicate mat the shift in Raman frequency, as a function of distance from an interconnect, is proportional to the hydrostatic stress in the interconnect rather than the deviatoric stresses. This is of particular importance since it is the hydrostatic stress that provides a driving force for stress voiding and electromigration cavitation.
Using the methodology developed, micro-Raman measurements recorded in an optical microscope are used to examine the stresses in as-fabricated interconnects and, for illustration, an identical one after electromigration testing. Variations along the length of the electromigration-tested line are noted and attributed to variations in hydrostatic stress. 
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